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Abstract 

This  paper  reports  the  effects  of  heterogeneously  doped  AFO3  on  the  ionic  conductivity  of  yttria  stabilized  zirconia  (YSZ).  At  lower  dopant 
concentration,  grain  growth  occurred  and  the  grain  boundaries  were  re-formed.  Subsequent  increases  in  the  dopant  concentration  decreased 
the  grain  size.  The  doping  leads  to  the  creation  of  space  charge  regions  in  the  vicinity  of  the  YSZ-AI2O3  boundaries,  conducive  to  enhanced 
transport  of  oxygen  ions.  The  presence  of  AI2O3  also  leads  to  a  blocking  effect.  The  net  result  of  the  two  antagonistic  influences  is  small  and 
reflected  by  a  relatively  minor  influence  on  conductivity. 

©  2004  Elsevier  B.V.  All  rights  reserved. 
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1.  Introduction 

Ionic  conductivity  and  microstructure  are  critical  param¬ 
eters  of  an  electrolyte  for  its  application  in  a  solid  oxide  fuel 
cell  (SOFC).  The  ionic  conductivity  determines,  to  a  large 
extent,  the  available  power  and  operating  temperature  of  a 
SOFC,  whereas  the  microstructure  is  of  vital  importance  and 
critical  for  mechanical  properties,  including  long-term  sur¬ 
vivability  of  the  electrolyte.  The  ionic  conductivity  of  a  sta¬ 
bilized  zirconium  oxide  depends  upon  the  concentration  and 
mobility  of  oxygen  vacancies,  which  in  turn  are  closely  linked 
to  the  dopant  concentration.  A  dopant  (Ca-+,  Y3+,  etc.)  con¬ 
centration  higher  than  the  optimum  may  reduce  the  number 
of  mobile  oxygen  ions  because  of  defect  association  and  the 
resulting  ionic  conductivity.  These  homogeneously  doped, 
stabilized  zirconia  are  the  mainstay  electrolytes  in  state-of- 
the-art  SOFCs. 

The  electrical  conductivity  of  stabilized  zirconia  is  ex¬ 
plained  by  the  so-called  ‘brick  layer  model.’  [1]  The  model 
postulates  the  existence  of  cubic  grains  of  stabilized  zirconia 
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uniformly  dispersed  within  homogeneous  grain  boundaries. 
The  grain  boundaries  are  more  resistive  than  the  grains — the 
grain  boundary  conductivity  (inverse  of  resistivity)  is  about 
two  orders  of  magnitude  lower  than  the  grain  conductivity. 
Thus,  the  bulk  conductivity  of  stabilized  zirconia  is  primarily 
determined  by  the  weak  link,  grain  boundary  conductivity.  To 
improve  power  density  or  reduce  the  operating  temperature 
of  a  SOFC,  the  conductivity  of  the  bulk  electrolytes  needs  to 
be  enhanced.  To  achieve  this  objective,  the  grain  boundary 
conductivity  must  be  increased. 

A  number  of  different  approaches  can  be  employed  to  en¬ 
hance  conductivity  of  the  bulk  electrolyte.  For  example,  a  rare 
earth  dopant  with  an  ionic  radius  closer  to  the  host  zirconium, 
such  as  scandium,  is  known  to  enhance  grain  conductivity,  but 
the  grain  boundary  conductivity  remains  unaffected.  An  alter¬ 
nate  route  to  enhance  bulk  conductivity  of  stabilized  zirconia 
is  to  employ  a  heterogeneous  dopant.  These  heterogeneous 
dopants  are  insoluble  in  host  yttria  stabilized  zirconia  (YSZ) 
and  remain  the  physically  distinct  phase  of  the  bulk  structure. 
For  a  number  of  ionic  conductors,  it  has  been  demonstrated 
that  the  existence  of  an  inert,  heterogeneous  dielectric  phase 
in  a  conducting  matrix  can  raise  the  ionic  conductivity  by 
orders  of  magnitude  [2-8]. 
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In  a  pioneering  work,  Liang  [2]  investigated  polycrys¬ 
talline  lithium  iodide  doped  with  aluminum  oxide  and  re¬ 
ported  that  lithium  iodide  doped  with  35 — 45  mol%  aluminum 
oxide  exhibited  conductivity  on  the  order  of  10-5Scm-1 
at  25  °C,  about  three  orders  of  magnitude  higher  than  that 
of  the  Lil  conductivity.  However,  no  significant  amount  of 
aluminum  oxide  was  determined  to  be  soluble  in  Lil;  thus, 
the  conductivity  enhancement  could  not  be  explained  by  the 
classical  doping  mechanism  and  creation  of  Schottky  defects 
such  as  in  the  LiI-CaF2  system.  Subsequently,  a  number  of 
investigations  have  reported  enhanced  conductivity  of  silver 
in  the  Agl-A^C^  system,  [3]  copper  in  the  CUCI-AI2O3  sys¬ 
tem,  [4]  fluorine  in  the  PbF2-SiC>2  and  PbF2-AL03  systems, 

[5]  and  lithium  in  polymer-ceramic  composite  electrolytes 

[6] ,  Four  review  papers  [7-10]  also  document  the  devel¬ 
opmental  history  and  general  characteristics  of  these  fast 
ionic  conductors.  Analyses  of  these  reviews  point  out  that 
a  new  conduction  mechanism  evolves  which  augments  the 
bulk  conductivity  of  single-phase  ionic  conductors.  The  new 
conduction  mechanism  uses  interfacial  and/or  space  charge 
regions  between  the  two  primary  components.  The  interfacial 
or  space  charge  regions  are  formed  because  of  the  creation 
of  charged  vacancies  and  adsorption/desorption  of  ions.  In 
effect,  these  regions  are  electrically  active,  which  influences 
transport  of  conducting  ions. 

The  electrical,  mechanical,  and  thermal  properties  of  sta¬ 
bilized  zirconia  and  alumina  composites  have  been  studied 
by  a  number  of  investigators  [11-16].  Radford  and  Bratton 
[11]  investigated  electrical  conductivity  of  calcia  stabilized 
zirconia  (CSZ)  containing  2  mol%  ALO3.  It  was  found  to  be 
insoluble  in  the  CSZ  and  segregated  at  the  grain  boundaries. 
The  addition  of  AI2O3  lowered  the  electrical  conductivity. 
Verkerk  et  al.  [12]  reported  the  effects  of  low  concentrations 
of  Fe2C>3,  AI2O3,  and  Bi203  doping  on  the  sintering  behav¬ 
ior  of  YSZ.  These  dopants  were  found  to  have  a  negative 
influence  on  both  the  grain  and  grain  boundary  conductivi¬ 
ties.  Butler  and  Drennan  [13]  analyzed  the  microstructure  of 
stabilized  zirconia  as  influenced  by  ALO3  additions.  They 
suggested  that  ALO3  acted  as  a  scavenger  for  SiC>2,  re¬ 
moving  the  silicious  phase  from  grain  boundary  localities. 
Miyayama  et  al.  [14]  reported  that  up  to  0.5  mol%  of  ALO3 
was  found  to  be  soluble  in  stabilized  zirconias.  They  sug¬ 
gested  that  AI2O3  additions  have  dual  roles:  below  the  sol¬ 
ubility  limit,  grain  and  grain  boundary  resistivities  increase 
and  grain  growth  is  promoted,  whereas  the  reverse  is  true 
above  the  solubility  limit  of  ALO3;  i.e.,  grain  boundary  re¬ 
sistivity  decreases  and  grain  growth  is  inhibited.  However, 
Miyayama  et  al.  [14]  investigated  AI2O3  additions  only  up  to 
1  mol%.  Mori  et  al.  [15]  characterized  mechanical,  thermal, 
and  electrical  properties  of  8  mol%  stabilized  zirconia  with 
ALO3  doping.  The  strength  of  the  composites  increased  with 
increasing  ALO3  content  up  to  20  wt.%.  The  thermal  conduc¬ 
tivity  of  the  composite  increased,  whereas  the  coefficient  of 
thermal  expansion  decreased  with  increasing  AI2O3  content. 
They  observed  a  slight  increase  in  electrical  conductivity  up 
to  1  wt.%  and  subsequently  a  monotonic  decrease  with  in¬ 


creasing  ALO3  content.  The  electrical  conductivity  of  8  YSZ 
doped  with  20  wt.%  ALO3  was  reported  to  be  0.1  S  cm-1  at 
1000  °C.  The  effect  of  AI2O3  additions  upon  the  electrical 
conductivity  of  8  mol%  YSZ  was  also  investigated  by  Feigh- 
ery  and  Irvine  [16].  They  reported  that  approximately  1  wt.% 
ALO3  dissolves  into  the  structure  of  YSZ  when  sintered  at 
1500  °C  for  24  h.  Furthermore,  the  high-temperature  conduc¬ 
tivity  increases  for  1  wt.%  ALO3  and  then  decreases  to  ap¬ 
proximately  the  same  conductivity  as  the  undoped  8  YSZ.  The 
conductivity  remained  constant  until  10  wt.%  ALO3  and  sub¬ 
sequently  decreased  rapidly  with  further  addition  of  ALO3. 

Guo  et  al.  [1,17,18]  reported  an  analysis  of  the  contri¬ 
butions  of  grain  and  grain  boundaries  to  the  total  electrical 
conductivities  of  stabilized  zirconias.  The  grain  boundaries 
constituting  the  core  (crystallographic  mismatch  zone)  and 
space  charge  regions  in  stabilized  zirconias  impede  ionic 
transport  across  them.  The  grain  boundary  resistivity  is  nor¬ 
mally  several  orders  of  magnitude  greater  than  the  grain  resis¬ 
tivity.  The  resistive  grain  boundaries  have  been  linked  to  the 
impurities,  particularly  the  silicious  phase,  for  a  long  time. 
But  even  in  highly  pure  stabilized  zirconias,  the  grain  bound¬ 
ary  resistivity  was  still  found  to  be  several  orders  of  magni¬ 
tude  greater  than  the  grain  resistivity.  Therefore,  Guo  et  al. 
[18]  questioned  the  proposed  origin  of  the  grain  boundary 
resistivity  and  suggested  that  the  resistive  grain  boundaries 
can  be  explained  on  the  basis  of  space  charges  and  depletion 
of  oxygen  vacancies  in  the  vicinity  of  grain  boundaries.  Guo 
et  al.  [18]  further  reported  that  the  addition  of  ALO3  in  small 
amounts  (0.4  mol%)  increased  both  grain  and  grain  bound¬ 
ary  resistivities.  The  grain  resistivity  was  increased  by  only 
3%,  whereas  the  grain  boundary  resistivity  was  increased  by 
600%. 

This  paper  is  a  culmination  of  the  vast  experimental  evi¬ 
dence  gathered  on  the  role  of  the  heterogeneous  doping  on  the 
ionic  conductivity  of  composite  solids.  The  effect  of  nano¬ 
sized  ALO3  doping  on  the  microstructure  and  conductivity 
of  yttria  stabilized  zirconia  will  be  investigated,  analyzed, 
and  discussed.  The  ALO3  dopant  was  selected  because  of  its 
use  in  prior  literature  (although  conflicting  observations  were 
reported).  It  is  also  known  to  be  insoluble  in  stabilized  zirco¬ 
nia  in  higher  concentrations.  A  large  difference  in  the  ionic 
radii  of  aluminum  and  zirconium  leads  to  a  very  limited  solid 
solubility  between  the  host  Z1O2  and  ALO3.  Thus,  ALO3 
is  expected  to  remain  a  physically  distinct  phase  (heteroge¬ 
neous)  in  the  bulk  structure  of  stabilized  zirconia.  By  doping 
with  nanosize  ALO3,  it  is  expected  that  the  grain  boundary 
resistivity  will  be  affected. 


2.  Experimental  procedure 

A  quantity  of  8  mol%  yttria  stabilized  zirconia  obtained 
from  Tosoh  Corporation1  was  mixed  with  nanosize  (24  nm) 


1  4560  Kaisei-Cho,  Shinnanyo-shi,  Yamaguchi-Ken  746-8501,  Japan. 
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Table  1 

Compositions  and  densities  of  heterogeneously  doped  YSZ 


AI2O3  (wt.%) 

AI2O3  (mol%) 

Density  (gem  3) 

1500°C 

1520 °C 

Theoretical  density  (gem  3 *) 

0 

0 

5.83 

5.96 

5.96 

2 

2.56 

5.59 

5.92 

5.92 

4 

5.10 

5.41 

5.77 

5.88 

6 

7.60 

5.25 

5.67 

5.84 

10 

12.53 

5.04 

5.50 

5.76 

15 

18.53 

4.86 

5.18 

5.66 

20 

24.37 

4.75 

5.02 

5.56 

alumina  obtained  from  NanoTek.2  The  batch  compositions, 
as  shown  in  Table  1 ,  were  mixed  in  a  mortar  and  pestle  and 
subsequently  pressed  into  discs  (1.27  cm  in  diameter  and 
0.15  cm  thick)  with  a  pressure  of  2.5  ton  cm-2  and  then  sin¬ 
tered  at  1500-1520  °C  for  4  h.  The  densities  of  sintered  spec¬ 
imens  were  measured  by  the  Archimedes  principle.  The  elec¬ 
trical  conductivity  of  each  specimen  was  measured  by  the  ac 
and  dc  techniques  in  the  300-975  °C  temperature  range.  For 
the  ac  technique,  a  Solartron  1260  impedance  analyzer  with 
1287  electrochemical  interface  was  used  to  obtain  impedance 
data  in  the  0.1-106  Hz  frequency  range.  The  specimen  with 
the  highest  density  for  a  given  composition  (corresponding  to 
a  sintering  temperature  of  1520  °C)  was  characterized  by  the 
ac  technique.  The  two  surfaces  of  each  specimen  were  cov¬ 
ered  with  platinum  foils  and  placed  in  the  cell  fixture  under  a 
pressure  applied  by  tightening  the  screw  of  the  cell  fixture.  ’ 
The  assembled  cell  fixture  was  placed  in  a  furnace  and  an 
impedance  measurement  was  conducted  as  a  function  of  tem¬ 
perature.  The  dc  resistances  of  these  specimens  were  also 
measured  as  a  function  of  temperature  using  a  Fluke  multi¬ 
meter. 

The  microstructure  was  investigated  by  means  of  scan¬ 
ning  electron  microscopy  (SEM,  JEOL  Model  JSM-840). 
The  SEM  studies  were  conducted  on  polished  and  ther¬ 
mally  etched  surfaces,  and  the  average  grain  size  was 
determined  by  counting  the  grains  and  dividing  by  the 
area. 

A  Rigaku  Ratablex  RV-200BH  X-ray  diffractometer  was 
used  to  obtain  powder  diffraction  patterns  of  the  specimens. 
The  sintered  specimens  were  ground  into  powder  and  subse¬ 
quent  X-ray  diffraction  (XRD)  patterns  were  obtained.  The 
diffractometer  was  operated  at  40  kV,  15  mA  with  copper  tar¬ 
get. 


2  Nanophase  Technologies  Corporation,  8205  S.  Cass  Ave.  #105,  Darien, 
IL  60561. 

3  Since  all  specimens  were  characterized  by  the  same  method,  the  trend 

in  conductivity  variation  with  composition  can  be  compared  and  analyzed. 

The  absolute  values  of  the  conductivities  are  expected  to  be  different  as 

compared  to  the  literature,  since  different  experimental  conditions  were  used 
in  the  present  investigation. 


AI5O3  wt% 

Fig.  1.  Density  of  YSZ  vs.  wt.%  of  AI2O3. 

3.  Results  and  discussion 

3.1.  Density 

Fig.  1  presents  plots  of  theoretical  and  sintered  densities 
of  specimens  as  a  function  of  AHO3  concentration.  Since  the 
density  of  AFO3,  3.97 gem-3,  is  lower  than  the  density  of 
the  stabilized  zirconia,  densities  of  all  doped  specimens  de¬ 
crease  with  the  concentration  of  the  dopant.  An  increase  in 
the  sintering  temperature  by  20  °C  leads  to  a  significant  en¬ 
hancement  in  density  at  all  concentrations,  with  the  measured 
density  over  90%  of  the  theoretical  density.  It  is  interesting 
to  note  that  at  a  20%  dopant  level,  the  electrolyte  density  is 
reduced  over  16%,  which  is  expected  to  have  a  positive  in¬ 
fluence  on  the  power  densities  of  fuel  cell  stacks  containing 
these  doped  electrolytes. 

3.2.  Microstructure 

The  microstructures  of  five  specimens  containing  0,  4,  6, 
10,  and  20  wt.%  AI2O3  are  shown  in  Fig.  2(a-e),  respectively. 
The  microstructure  of  the  undoped  YSZ  (Fig.  2(a))  is  typical 
of  the  material  and  shows  the  presence  of  pores  within  the 
grains.  These  pores  appear  as  dark,  concave  spherical  regions 
in  the  micrograph.  The  grain  boundaries  are  distinct  and  do 
not  exhibit  the  presence  of  an  excessive,  segregated  impurity 
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(a)  8YSZ 


(b)  8YSZ  +  4%  A120, 


0078  15KU  INm  WD15 


(c)  8YSZ  +  6%  Al20, 


(d)  8YSZ  +  10%  Al20,  (d)  8YSZ  +  20%  Al20, 


Fig.  2.  SEM  microstructure  of  8YSZ  with  AI2O3  addition  from  0  to  20wt.%. 


phase.  With  the  addition  of  4wt.%  AI2O3,  grain  growth  oc¬ 
curred  and  the  AI2O3  phase  as  shown  by  the  dark  areas  segre¬ 
gated  at  the  grain  boundaries  (Fig.  2(b)).  The  AI2O3  precipi¬ 
tates  can  also  be  observed  inside  the  grains.  The  structure  of 
the  grain  boundaries  in  Fig.  2(b)  suggests  that  they  have  been 
re-formed.  The  microstructure  exhibits  well-defined  triple 
points  with  almost  linear  grain  boundaries.  The  AI2O3  acts 
as  a  sintering  aid,  and  the  sintering  appears  to  occur  by  dis¬ 
solution  and  precipitation.  The  solubilities  of  AI2O3  in  the 
grain  and  grain  boundaries  re-form  the  microstructure  of  the 
YSZ.  The  excess  AFO3  is  precipitated  primarily  at  the  grain 
boundaries.  Increasing  the  AFO3  concentration  to  6%  leads 
to  further  grain  growth  (Fig.  2(c))  and  the  presence  of  the 


AFO3  phase  along  the  grain  boundaries  and  grain  cavity. 
The  presence  of  AFO3  in  cavities  is  characterized  by  con¬ 
vex  surfaces.  At  this  concentration  of  AI2O3,  a  linear  as  well 
as  isolated  droplet-like  morphology  of  the  dopant  are  noted. 
As  the  concentration  of  AFO3  increased  to  10wt.%,  there 
is  a  substantial  increase  in  the  volume  fraction  of  this  phase 
(Fig.  2(d))  which  exists  at  grain  boundaries  and  also  as  dis¬ 
tinct  grains.  The  average  grain  size  of  the  YSZ  has  been  re¬ 
duced.  The  20  wt.%  AFO3  specimen  (Fig.  2(e))  shows  further 
reduction  in  the  average  grain  size  and  the  microstructure  is 
on  the  threshold  of  transitioning  into  a  nanostructure. 

Analyses  of  all  the  micrographs  shown  in  Fig.  2(a-e)  re¬ 
veal  that  the  two  phases;  i.e.,  YSZ  and  AI2O3,  are  immiscible 
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Fig.  3.  Grain  size  vs.  AI2O3  content  (sintered  at  1520  °C  for  4h). 


at  significant  concentrations  and  possess  very  different  sur¬ 
face  energies.  The  AI2O3  exhibits  non-wettable  characteris¬ 
tics  on  the  YSZ  substrate. 

The  average  grain  size  as  a  function  of  AI2O3  concentra¬ 
tion  is  presented  in  Fig.  3.  As  stated  earlier,  the  YSZ  grain 
growth  occurs  up  to  about  6wt.%.  This  observation  is  con¬ 
trary  to  the  reports  of  Miyayama  et  al.  [14]  who  observed 
grain  growth  until  only  up  to  about  0.5  wt.%  of  AI2O3.  The 
dissolution  of  AI2O3  in  YSZ  in  small  amounts  led  to  the 
grain  growth.  The  nanosize  AI2O3  was  introduced  to  the  YSZ. 
Nonetheless,  the  size  of  AFO3  along  the  grain  boundary  in 
the  order  of  several  microns  in  micrographs  (Fig.  2(b-c)) 
may  have  formed  by  dissolution,  precipitation,  and  coarsen¬ 
ing.  Further  addition  of  AFO3  up  to  20  wt.%  retards  grain 
growth  (Fig.  2(d-e)).  The  20  wt.%  AI2O3  material  exhibits  a 
morphology  with  an  average  grain  size  of  1.4  p,m. 

3.3.  X-ray  diffraction 

XRD  patterns  from  undoped  and  doped  (4,  10,  and  20%) 
YSZ  are  shown  in  Fig.  4.  There  is  no  apparent  shift  in  the 
d-spacings  noted  due  to  the  addition  of  AI2O3,  which  sug¬ 
gests  that  there  is  a  very  limited  solid  solubility  between  the 
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Table  2 

d-Spacings  of  undoped  and  doped  YSZ 


Undoped 

Doped 

4%  AI2O3 

10%  AI2O3 

20%  AI2O3 

2.9614  (YSZ) 

2.9616  (YSZ) 

2.9698  (YSZ) 

2.9611  (YSZ) 

2.5649  (YSZ) 

2.5669  (YSZ) 
2.3757  (AI2O3) 
2.0823  (AI2O3) 

2.5712  (YSZ) 
2.3799  (AI2O3) 
2.0853  (AI2O3) 

2.5648  (YSZ) 
2.3751  (AI2O3) 
2.0812  (AI2O3) 

1.8152  (YSZ) 

1.8153  (YSZ) 

1.8173  (YSZ) 
1.7399  (AI2O3) 
1.6013  (AI2O3) 

1.8143  (YSZ) 
1.7369  (AI2O3) 
1.5999  (AI2O3) 

1.5484  (YSZ) 

1.5485  (YSZ) 

1.5498  (YSZ) 

1.5477  (YSZ) 

1.4825  (YSZ) 

1.4826  (YSZ) 

1.4837  (YSZ) 
1.4042  (AI2O3) 
1.3737  (AI2O3) 

1.4817  (YSZ) 
1.4030  (AI2O3) 
1.3722  (AI2O3) 

1.2839  (YSZ) 

1.2841  (YSZ) 

1.2850  (YSZ) 

1.2842  (YSZ) 

two  phases.  New  diffraction  peaks  corresponding  to  AI2O3 
begin  to  appear  in  the  4  wt.%  specimens  and  become  much 
stronger  for  10-20  wt.%  specimens.  The  d-spacings  of  these 
specimens  are  also  presented  in  Table  2,  which  clearly  shows 
that  the  specimens  are  basically  mechanical  mixtures  of  the 
two  components  and  comply  with  the  definition  of  heteroge¬ 
neous  doping. 

3.4.  Oxygen-ion  conductivity 

A  schematic  of  an  equivalent  circuit  representing  a  bulk 
structure  of  the  specimens  and  corresponding  ac  impedance 
response  as  presented  by  a  plot  of  real  versus  imaginary  parts 
of  the  impedance  is  shown  in  Fig.  5.  The  equivalent  circuit 
consists  of  a  resistor  representing  contract  resistance,  a  sec¬ 
ond  resistor  connected  with  a  capacitor  in  parallel  depicting 
the  ceramic  grain  and  a  third  resistor  with  a  capacitor  in  paral¬ 
lel  portraying  the  grain  boundaries.  The  ac  response  is  charac¬ 
terized  by  the  existence  of  two  adjoining  semicircles  slightly 
shifted  from  origin.  The  magnitude  of  the  shift  on  the  real 
axis  ( Z! )  represents  resistance  of  the  electrolyte-electrode 
contacts.  The  first  semicircle  next  to  the  contact  resistance 
depicts  the  electrical  properties  (resistance  and  capacitance) 


Fig.  4.  X-ray  diffraction  patterns  from  AI2O3  doped  YSZ:  (a)  undoped  YSZ,  Fig.  5.  Schematic  equivalent  circuit  and  ac  impedance  response  of  a  bulk 
(b)  4  wt.%  AI2O3-YSZ,  (c)  10  wt.%  AI2O3-YSZ,  (d)  20  wt.%  AI2O3-YSZ.  YSZ. 
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Fig.  6.  AC  impedance  measurement  plots  at  700-800  °C  for  8YSZ  +  4% 
A1203. 

of  ceramic  grains  and  the  second  semicircle  represents  char¬ 
acteristics  of  the  grain  boundary.  A  simulation  study  com¬ 
prised  of  breadboard  circuits  and  software  analysis  suggests 
that  the  ratio  of  grain  capacitance  (Cg)  to  grain  boundary  ca¬ 
pacitance  (Cgb)  must  be  less  than  10-3  for  the  existence  of 
two  semicircles,  whereas  the  ratio  of  grain  resistance  (Rs) 
to  grain  boundary  resistance  (Rs b)  does  not  matter.  If  the  ra¬ 
tio  of  CgiCgb  is  greater  than  10-3,  the  presence  of  only  one 
semicircle  is  predicted. 

Typical  experimental  impedance  measurement  data  for  the 
4wt.%  AI2O3  doped  specimen  at  700,  750,  and  800 °C  in 
the  frequency  range  of  0. 1— 106  Hz  are  shown  in  Fig.  6.  The 
impedance  plot  is  depicted  by  a  distorted  semicircle  origi¬ 
nating  from  a  non-zero  origin  on  the  Z'-axis.  The  temper¬ 
ature  increase  shrinks  the  diameter  of  the  distorted  circle, 
illustrating  that  the  specimen  becomes  less  resistive.  The  re¬ 
sistance  value  as  determined  from  the  diameter  of  the  dis¬ 
torted  semicircle  on  the  Z'-axis  is  also  approximately  equal 
to  the  dc  resistance  measured  by  a  multimeter  (also  shown  in 
Fig.  6).  The  impedance  plot  of  the  10  wt.%  AHO3  specimen 
at  850  °C  (Fig.  7)  shows  three  resistance  parameters,  R  \ ,  AS, 
and  Total-  The  R\  parameter  corresponds  to  the  contact  re¬ 
sistance  whereas  Ri  —  R\  parameter  is  the  grain  resistance. 
The  grain  boundary  resistance  is  equal  to  f?Totai  —  Ri-  These 
resistances  (R2  —  R 1  and  R Total  —  R2)  were  normalized  with 


Z' 


Fig.  7.  Determination  of  resistivities  of  grain  and  grain  boundary  from  an 
ac  impedance  plot:  R\  is  the  interface  resistance;  the  grain  resistance  Rgra jn 
=  R2  —  R\ ,  and  the  grain  boundary  resistance  Rg b  =  Rj btai  —  ^2- 


specimen  geometry  (thickness  and  cross  sectional  area)  to 
obtain  corresponding  resistivities  ip)  or  conductivities  (o  = 
(1/p)).  It  should  be  noted  that  R2  —  R 1  is  the  diameter  of  a 
small  semicircle  barely  discernible  (see  insert  in  Fig.  7),  im¬ 
plying  that  the  grain  possesses  both  capacitive  and  resistive 
elements.  The  grain  boundary  of  the  specimen  is  character¬ 
ized  by  much  larger  resistive  and  capacitive  elements. 

The  Arrhenius  plots  of  the  grain  and  grain  boundary  con¬ 
ductivities  of  the  undoped,  4  and  20  wt.%  AHO3  are  shown  in 
Fig.  8.  It  should  be  noted  that  the  grain  conductivity  is  over  an 
order  of  magnitude  greater  than  the  grain  boundary  conduc¬ 
tivity.  The  difference  between  the  grain  and  grain  boundary 
conductivities  is  less  than  the  value  reported  for  the  8YSZ 
by  Guo  et  al.  [18].  The  bulk,  total  conductivity  comprised  of 
grain  and  grain  boundary  contributions  is  shown  in  Fig.  9. 
Again  in  this  case  the  data  sets  are  clustered  and  it  appears 
that  the  doping  concentration  up  to  20  wt.%  AI2O3  has  de¬ 
creased  the  conductivity;  however,  the  dopant  appears  to  have 
a  minor  influence. 

The  observations  on  the  electrical  conductivity  of  the 
doped  specimens  of  this  investigation  parallel  the  observa¬ 
tions  made  by  Mori  et  al.  [15]  and  Feighery  and  Irvine  [16]. 
Mori  et  al.  [15]  reported  that  the  bulk  conductivity  of  8YSZ 
doped  with  AHO3  increased  slightly  with  increasing  AI2O3 
up  to  1  wt.%.  Furthermore,  they  reported  that  the  conduc¬ 
tivity  of  20  wt.%  AHO3  was  around  0.1  S  cm-1  at  1000  °C, 
about  65%  of  that  of  the  undoped  8YSZ.  Mori  et  al.  [15] 
had  doped  the  8YSZ  with  up  to  30  wt.%  of  AHO3  with¬ 
out  observing  a  major  drop  in  ionic  conductivity.  Similarly, 


950’C  800-C  700'C  GOO'C  SQO'C 


Fig.  8.  Conductivity  shown  as  log(tr)  vs.  1000  T  1  for  8YSZ  and  8YSZ  + 
4-20%  alumina. 
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950  °C  B00°C  700  °C  B00°C  500“C 


Fig.  9.  Arrhenius  plots:  total  conductivity  shown  as  log(cr)  vs.  1000  T  1  for 
8YSZ  and  8YSZ  +  4-20%  alumina. 

Feighery  and  Irvine  [16]  had  also  doped8YSZ  with  AI2O3  up 
to  24  wt.%;  however,  they  reported  that  10  wt.%  AFO3  can 
be  introduced  to  the  8YSZ  without  a  significant  reduction  in 
the  ionic  conductivity.  Further  additions  of  AFO3  caused  a 
rapid  reduction  in  the  conductivity,  which  was  rationalized 
on  the  basis  of  the  presence  of  a  large  volume  fraction  of 
insulating  AI2O3  phase.  Neither  Mori  et  al.  [15]  nor  Feigh¬ 
ery  and  Irvine  [16]  analyzed  contributions  of  grain  and  grain 
boundaries  independently  on  the  total  bulk  conductivity  in 
these  heavily-doped  YSZ-AI2O3  composites. 

Since  there  is  a  major  reduction  in  the  ionically  conducting 
(active)  phase  in  these  8YSZ-AI2O3  composites,  a  normal¬ 
ized  plot  of  ionic  conductivity  versus  AFO3  may  be  useful  to 
delineate  the  effect  of  AI2O3  additions.  Normalized  conduc¬ 
tivity  (conductivity  of  a  composite/volume  fraction  of  active 
phase)  in  S  cm~ 1  of  grain,  grain  boundary,  and  total  conduc¬ 
tivities  is  shown  in  Fig.  10.  The  normalized  grain  conductiv¬ 
ity  shows  an  enhancement  reaching  a  peak  around  15  wt.% 
of  AFO3.  The  conductivity  enhancement  is  approximately 
30%.  The  normalized  grain  boundary  conductivity  appears 
to  increase  initially  up  to  about  4  wt.%  and  then  it  gradually 
decreases.  The  grain  boundary  conductivity  is  lower  than  the 
grain  conductivity  by  a  factor  of  10-15.  The  bulk  total  con¬ 
ductivity  shows  a  trend  similar  to  the  grain  boundary,  as  it  is 
the  dominating  factor. 

It  is  of  significant  relevance  to  review  the  effect  of  inert 
dopant  on  the  conductivity  of  an  ionically  conducting  ma¬ 
trix.  A  general  trend  on  the  effect  of  dopant  particles  on 
the  ionic  conductivity  of  composites  is  shown  in  Fig.  11. 
With  the  addition  of  dopant  particles,  the  ionic  conduc¬ 
tivity  of  composites  increases  and  reaches  a  peak  around 
20vol.%  of  the  insulating  dopant.  Further  increases  of  the 
dopant  decreases  the  conductivity  as  it  impedes  the  trans- 


Fig.  10.  Normalized  conductivity  vs.  AI2O3  content. 


port  of  charged  species.  A  steady-state  percolation  of  the 
conducting  ion  occurs  around  20vol.%  of  the  insulating 
dopant  phase  leading  to  an  optimum  conductivity.  The  perco¬ 
lation  threshold  may  vary  depending  upon  the  matrix  dopant 
chemistries,  particle  sizes,  and  processing  parameters.  The 
particle  size  of  the  dopant  has  a  major  influence  on  the  con¬ 
ductivity,  which  has  been  reported  in  earlier  publications 
[6-8], 


0  0.2  0.4  0.6 

Volume  Fraction  of  Dopant  Particles 


Fig.  1 1 .  Low-temperature  ionic  conductivity  of  ionically  conducting  matrix 
reinforced  with  insulating  particles. 
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The  conductivity  data  of  this  investigation  does  not  show  a 
trend  characteristic  of  composite  ionic  conductors  as  depicted 
by  Fig.  11  because  of:  (1)  widely  different  contributions  of 
the  grain  and  grain  boundaries  to  the  bulk  conductivity  of  the 
host  material;  (2)  dissolution,  precipitation  and  grain  growth 
of  the  dopant  phase;  and  (3)  antagonistic  influences  of  the 
dopant  on  conductivity.  The  contributions  of  grain  and  grain 
boundary  to  total  bulk  conductivity  have  been  discussed  ear¬ 
lier.  The  dissolution  and  precipitation  of  the  dopant  phase  is 
evident  from  the  microstructures  as  presented  in  Fig.  2.  Guo 
and  Maier  [17]  investigated  YSZ  doped  with  0.4  mol%  AFO3 
in  the  temperature  range  of  200-500  °C.  Since  no  AI2O3  par¬ 
ticles  were  observed  in  their  SEM  images,  it  was  suggested 
that  0.4  mol%  was  within  the  solubility  limit.  The  contribu¬ 
tion  of  AFO3  doping  to  the  grain  conductivity  was  insignif¬ 
icant;  however,  it  drastically  decreased  the  grain  boundary 
conductivity  almost  by  a  factor  of  six.  In  this  investigation, 
the  concentration  of  AFO3  is  much  greater  and  the  presence 
of  AFO3  particles  primarily  at  the  grain  boundaries  leads  to 
the  formation  of  space  charge  regions,  which  are  known  to 
assist  transport  of  charged  specie,  as  in  other  composite  ionic 
conductors.  At  the  same  time,  AFO3  particles  at  larger  vol¬ 
ume  fractions  may  also  impede  the  transport  of  the  charged 
specie.  Both  of  these  influences  on  conductivity  appear  to 
counteract  each  other  in  the  specimens  investigated  in  this 
study.  It  is  known  from  the  work  of  Guo  and  Maier  [17] 
that  a  small  amount  of  AFO3  is  detrimental  to  conductiv¬ 
ity.  The  addition  of  an  excess  of  AHO3,  which  is  physically 
present  in  the  structure,  should  also  hinder  transport  of  the 
conducting  ions.  These  two  factors,  therefore,  should  lead  to 
a  rapid  drop  in  the  conductivity  with  AFO3  additions.  How¬ 
ever,  experimental  evidence  from  this  investigation  and  also 
those  of  Mori  et  al.  [15]  and  Feighery  [16]  are  contradic¬ 
tory;  thus,  one  is  led  to  conclude  that  space  charge  regions 
at  the  YSZ-AHO3  phase  boundaries  are  created  which  aug¬ 
ment  the  transport  of  oxygen  ions,  but  a  distinct  conductivity 
peak  is  not  observed.  Thus,  it  is  suggested  that  the  dopant, 
AFO3,  imparts  antagonistic  influences  to  the  total  conducti¬ 
vity. 

The  resistive  grain  boundary  of  YSZ  results  from  the  de¬ 
pletion  of  oxygen  vacancies,  V0**,  in  the  vicinity  of  the  grain 
boundaries.  A  schematic  of  concentrations  of  oxygen  vacan¬ 
cies,  electrons  in  YSZ,  and  electrons  in  AFO3  doped  speci¬ 
mens  are  schematically  shown  in  Fig.  12(a-c).  The  creation 
of  oxygen  vacancies  can  be  expressed  by  the  Kroger- Vink 
notation: 

Ol  O  Vo"  +  2e'  +  ±02  Cl) 

The  depletion  of  oxygen  vacancies  near  the  grain  bound¬ 
ary  also  leads  to  an  enrichment  of  electron  concentration, 
which  provides  an  energy  barrier  to  the  transport  of  oxygen 
ions.  It  is  proposed  that  AHO3  doping  reverses  Eq.  (1)  and 
the  electron  concentration  gradient  is  removed  (Fig.  12(c)). 
The  experimental  data  in  Fig.  10  that  the  normalized  grain 
boundary  conductivity  exhibits  a  slight  enhancement  in  the 


Fig.  12.  Schematic  profiles  of  (a)  oxygen  vacancy,  (b)  electrons,  and  (c) 
electrons  in  doped  YSZ. 

early  stages  of  doping  and  subsequently  a  gradual  reduction 
attest  to  the  conclusion  that  the  grain  boundary  conductivity 
must  increase  to  counteract  negative  influences  of  the  AHO3 
addition. 


4.  Summary  and  conclusions 

This  paper  investigated  the  effects  of  nanosize  AFO3  dop¬ 
ing  on  conductivity  of  8  mol%  yttria  stabilized  zirconia.  The 
AFO3  doping  concentration  was  varied  from  0  to  20wt.% 
and  the  specimens  were  characterized  by  SEM,  XRD,  and 
impedance  spectroscopy.  The  significant  conclusions  of  the 
investigation  are  summarized  as  follows: 

1 .  The  composite  specimens  of  this  investigation  were  truly 
heterogeneous  as  evidenced  by  SEM  micrographs  and 
XRD  data.  The  solid  solubility  between  the  YSZ  and 
AI2O3  was  minimal,  as  no  significant  change  in  the  d- 
spacings  occurred. 

2.  Initially  there  was  a  grain  growth  with  the  addition  of 
AHO3  up  to  about  6  wt.%.  The  grain  size  increased  from 
4  to  6  pm  and  the  grain  boundaries  became  sharper.  With 
further  addition  of  AFO3,  the  grain  size  decreased  to 
1.6  pm  for  20  wt.  AFO3. 
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3.  The  conductivity  data  of  the  bulk  specimen  obtained  from 
the  ac  measurement  revealed  a  minor  influence  on  the  to¬ 
tal,  bulk  conductivity  due  to  the  addition  of  AI2O3.  The 
conductivity  remained  relatively  flat  as  the  AI2O3  content 
was  increased.  Both  grain  and  grain  boundary  conduc¬ 
tivities  were  characterized  and  their  contributions  were 
discussed. 

4.  The  conductivity  variation  was  explained  on  the  basis  of 
antagonistic  influences  of  AI2O3  doping.  The  doping  leads 
to  the  creation  of  space  charge  regions  in  the  vicinity  of 
YSZ-AI2O3  boundaries,  which  should  enhance  transport 
of  oxygen  ions  and  thus  conductivity.  The  presence  of 
AI2O3  may  also  lead  to  a  blocking  effect  suppressing  con¬ 
ductivity.  The  net  effect  of  the  two  antagonist  influences 
is  small  and  reflected  by  a  relatively  flat  conductivity  as 
the  concentration  of  AI2O3  was  increased. 
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